Nonsense mediated mRNA decay (NMD) is regarded as the function of a specialized cytoplasmic translation-coupled mRNA decay pathway in eukaryotes, however, whether a premature translation termination codon (PTC) will lead to NMD often depends on splicing a downstream intron in the nucleus. Deposition of the exon junction complex (EJC) on mRNA is understood to mediate such splicing-dependent NMD in mammalian cells. The budding yeast, Saccharomyces cerevisiae, which has introns in only 5% of its genes, characteristically at the start of the coding region, and lacks proteins essential for EJC assembly, is not expected to undergo splicing-dependent NMD. However, we found that the presence of an intron near a PTC can also enhance NMD in this organism, regardless of whether it is downstream or upstream. These data provide evidence for a hitherto unsuspected EJCindependent mechanism linking translation and pre-mRNA in S. cerevisiae.
Introduction
Nonsense-mediated mRNA decay (NMD) describes the observation that mutant or abnormally processed mRNAs that encode a premature translation termination codon (PTC) are typically at a low level and unstable in eukaryotes. NMD is primarily regarded as a quality control mechanism of gene expression that prevents wasteful production of potentially toxic truncated proteins by rapid destructing abnormal mRNAs. Additionally, by targeting functional mRNAs carrying specific features like an abnormally long 3' UTR, NMD is understood to modulate protein expression in different cellular processes, including the cell stress response and some specific cell differentiation processes (Jaffrey and Wilkinson, 2018; Nasif et al., 2018) . NMD was first branded as a specific process in Saccharomyces cerevisiae (Leeds et al., 1992) ; its mechanism and the roles that NMD play in gene expression have extensively been studied since, in this and in several other model organisms, as previously reviewed (Fatscher et al., 2015; He and Jacobson, 2015; Hug et al., 2016; Jaffrey and Wilkinson, 2018; Karousis and Muhlemann, 2019; Kurosaki et al., 2019; Lykke-Andersen and Jensen, 2015) . NMD is coupled to translation and requires a set of evolutionarily conserved proteins, including UPF1, UPF2, and UPF3 (Lloyd, 2018) . However, how the concerted action of NMD factors could form an mRNA surveillance complex capable of distinguishing PTCs from normal stop codons, either at or after translation termination, is unsatisfactorily understood in any organism. In the absence of a coherent mechanism and many conflicting observations it has been proposed that eukaryotes perhaps do not possess any such surveillance mechanism (Brogna et al., 2016) . Moreover, recent evidence indicates that UPF1 plays broad roles in fundamental processes of gene expression, in the nucleus as well as in the cytoplasm, and these more than its requirement in NMD might explain UPF1 conservation in eukaryotes (Singh et al., 2019) .
Specifically, current models cannot satisfactorily explain the link between pre-mRNA splicing and NMD observed in different organisms. Initial studies in human cells concluded that a PTC induces strong NMD more frequently when it is located upstream of an intron (Carter et al., 1996; Thermann et al., 1998; Zhang and Maquat, 1996; Zhang et al., 1998) , suggesting that NMD primarily depends on pre-mRNA splicing in mammalian cells. Although later studies have downplayed the early view that NMD primarily depends on splicing in mammalian cells (Buhler et al., 2006; Eberle et al., 2008; Silva et al., 2008; Singh et al., 2008) , a downstream intron remains a strong genome-wide predictor of whether a PTC will lead to NMD in mammalian cells (Hurt et al., 2013; Lindeboom et al., 2016; Mendell et al., 2004) . Deposition of the exon junction complex (EJC) is understood to mark a splice junction in mammalian cells during splicing in the nucleus until the EJC is removed by a translating ribosome in the cytoplasm (Le Hir et al., 2000a; Le Hir et al., 2000b; Le Hir et al., 2016) .
Current models predict that in mammalian cells one or more downstream EJC distinguishes PTCs from normal stop codons and acts as the signal for NMD activation, whilst normal stop codons, since they are typically in the last exon have no downstream EJCs that could activate NMD (Maquat, 2004; Nagy and Maquat, 1998) . It has also been reported that a downstream intron and EJC deposition might enhance NMD in evolutionarily distant organisms, including Neurospora crassa and plant species (Nyiko et al., 2013; Zhang and Sachs, 2015) .
Notably though there are examples of splicing-dependent NMD that the EJC model cannot explain (Brogna and Wen, 2009; Buhler et al., 2006; Carter et al., 1996; Wang et al., 2002) .
Specifically, splicing can enhance NMD in Schizosaccharomyces pombe mutant strains depleted of core EJC proteins (Wen and Brogna, 2010) , and EJC deposition is not likely to be the reason why normally-occurring mRNAs with one or more exon-exon junctions in the 3'UTR are affected by NMD in the protozoan Tetrahymena in mutant lacking EJC core components (Tian Miao, 2017) . It is therefore conceivable that there is a mechanism other than EJC deposition that links splicing to NMD in these and other organisms.
Although the genome of S. cerevisiae does not code for Y14 and MAGO, in view that splicing-dependent NMD might occur independently of EJC deposition, we wanted to investigate whether splicing could also affect NMD in this much-studied organism in which both NMD and pre-mRNA splicing have been extensively characterised. Current models predict that the key NMD determinant in S. cerevisiae is an abnormally long distance between the PTC and the mRNA 3' end, which possibly prevents an interaction of poly(A) binding protein (PABPC) with the terminating ribosome that is required for normal translation termination (He and Jacobson, 2015) . Only a few protein-coding genes contain introns in S. cerevisiae (285 out of 5749, based on a recent study (Juneau et al., 2006) ) and the vast majority of these (~97%) have a single intron located close to the start of the coding region (Schreiber et al., 2015) . However, intron-containing genes include those for ribosomal proteins and other highly expressed proteins, hence the rate of pre-mRNA splicing is globally high in this organism, accounting for over 24% of mature cellular mRNAs (Ares et al., 1999; Juneau et al., 2006; Kupfer et al., 2004; Lin et al., 1985) . Inefficient splicing, alternative splice site selection, or splicing saturation caused by a high transcription rate, frequently produce unspliced transcripts; which, because they carry intron-encoded PTCs distant from the normal 3'UTR, can induce strong splicing-independent NMD (He et al., 1993; Kawashima et al., 2014; Kawashima et al., 2009; Sayani et al., 2008) .
We examined the mRNA levels and stabilities of various gene-reporters with an intron either upstream or downstream of PTC. These data clearly indicate that splicing can enhance NMD in either context, as far as the intron is proximal to the PTC, and indicate the existence of an EJC-independent mechanism that links pre-mRNA splicing to translation in S. cerevisiae.
Results

Splicing enhances NMD in S. cerevisiae
We assessed whether splicing affects NMD in S. cerevisiae by examining the expression of GFP NMD reporters with or without an intron ( Figure 1A , and Material and Methods). A PTC was introduced at codon position 6 (PTC6) or 140 (PTC140); PTC6, being early in the coding region, is expected to induce strong NMD, while PTC140, being in the second half of the GFP ORF (58% into the CDS), should be less affected based on earlier studies (Kuperwasser et al., 2004; Wen and Brogna, 2010) . Three introns, derived from the ACT1 , CYH2 and UBC4 genes, were examined; all carry canonical splice signals and are efficiently spliced both in vitro and in vivo (Abelson et al., 2010; Lesser and Guthrie, 1993; Swida et al., 1986) . The intron-containing reporters, in which the intron was inserted at codon position 110 ( Figure   1A ), are designated by the suffixes A-ivs, C-ivs and U-ivs, carrying the ACT1 , CYH2 and UBC4 introns, respectively.
All PTC-less reporters produced intense GFP fluorescence comparable to the intron-less reporter (Supplementary Figure 1A) , showing that all three introns are substantially correctly spliced. As expected, no fluorescence was detected in the strains transformed with the PTC-containing (PTC+) reporters (Supplementary Figure 1A and data not shown).
Transcripts of the expected sizes were detected by Northern blotting: a single band corresponding to mature mRNA of the intron-less reporter and an additional weaker band corresponding to unspliced transcripts of two of the intron-containing reporters, ( Figure 1B-1E ). The unspliced transcripts were visible in the A-ivs and C-ivs reporters (we have termed these "pre-mRNAs" to distinguish them from the non-spliced mRNAs produced from the intron-less reporters that do not undergo splicing). Although the pre-mRNA accumulation indicates that these two introns are not always fully spliced, unlike U-ivs, the spliced mRNA bands were apparent and more intense in both cases, indicating that they are more often correctly spliced. Only the two expected fragments corresponding to either the spliced mRNA or pre-mRNA were also detected by RT-PCR (Supplementary Figure 1B) , and no evidence of alternative splice site usage was observed by sequencing clones of a RT-PCR product spanning the entire coding region of the spliced mRNAs (data not shown). Real-time RT-PCR quantification, using a primer pair that amplifies only the spliced transcript since one of the primers spans to the splice junction (Supplementary Figure 1C -D), confirmed that Aivs and C-ivs PTC-less reporters are well-expressed and produce 50-60% of mRNA compared to the intron-less version ( Figure 1J and 1K ).
Regarding NMD, the Northern blots show that PTC6 strongly reduces mRNA levels (~20% of PTC-less control, regardless of the presence of an intron, as expected ( Figure 1B-1E ). In contrast, while PTC140 causes only a minor mRNA reduction of the intron-less reporter (87%), a strong reduction is apparent in the reporter carrying either A-ivs (25%) or C-ivs (27%) ( Figure 1C and D), and a moderate reduction in the U-ivs reporter (58%) ( Figure 1E ).
The data indicate that particularly the longer A-ivs and C-ivs intron enhance NMD. These conclusions can be drawn from pair-wise comparisons of mRNA levels between PTC and PTC-less versions of otherwise similar constructs, with or without an intron at a given position. As the variable in each of the pairs is the presence or absence of a PTC, it is unlikely that factors other than the PTC, such as changes in splicing efficiency, transcription, and potentially other processes, could have affected these mRNA levels. Furthermore, the levels of PTC+ mRNAs are higher in UPF2∆ ( Figure 1F -1I and 1L) and UPF1∆ (Supplementary Figure   1F -1I), as expected, due to NMD suppression. Further real-time RT-PCR quantifications of steady-state mRNA levels of the different A-ivs and C-ivs reporters confirmed that the presence of a proximal intron enhances NMD in the wild-type strain and that mRNAs levels are increased in UPF2∆ ( Figure 1L ).
We also assessed decay kinetics of the different mRNAs following transcription inhibition in WT and UPF2∆ (Figure 2 ). The data confirm that both PTC140-ivsA and PTC140-ivsC transcripts are at lower levels at steady-state and decay faster than the intron-less version in wild-type, with kinetics similar to the PTC6-ivs mRNA that is strongly affected by NMD ( Figure 2A -C). The PTC+ mRNA levels, and those of the intron-containing reporters in particular, mostly go down within the first 10 minutes from transcription inhibition, while they are more stable at later time points, suggesting that transcripts are perhaps most susceptible to NMD for a limited time after they have been synthesized, similar to what has been observed by some studies in mammalian cells, Drosophila and S. pombe (Gatfield et al., 2003; Trcek et al., 2013; Wen and Brogna, 2010) . All transcripts show similar decay kinetics in UPF2∆, as expected from NMD suppression. Notably, the steady-state levels of PTC+ mRNAs (most strikingly PTC6) were even higher than the corresponding PTC-less controls in the NMD mutants ( Figure 1F-1I Figure 3C-2E ). This puzzling effect has previously been observed in S. cerevisiae and other organisms (Eberle et al., 2008; Gatfield et al., 2003; Metzstein and Krasnow, 2006; Peltz et al., 1994; Wen and Brogna, 2010) ; its significance has previously been discussed (Brogna et al., 2016; Brogna and Wen, 2009; Wen and Brogna, 2010) .
The A-ivs or C-ivs reporter pre-mRNAs also appear to be affected by NMD as their levels increased in UPF2∆ ( Figure 1G -H and Supplementary Figure 1F ). Retention of either the A-ivs or C-ivs intron results in a frameshift that introduces a PTC either nine or five bases respectively, downstream of the 5' ss. These PTCs are at a distance from the 3'UTR either similar (A-ivs) or further (~200 nt greater in C-ivs) than that of PTC6 in the initial intron-less reporter. Hence, these PTCs were expected to induce strong NMD even in the absence of an upstream PTC.
Splicing-dependent NMD is independent of expression level, as similar observations were made using different strains (BY4742 wild-type strain, UPF2Δ, UPF2Δ and UPF2Δ from the Yeast MATalpha collection - Supplementary Table 1 ) transformed with centromeric plasmid constructs expressing either wild-type GFP or GFP containing a PTC, in the presence or absence of the C-ivs intron ( Figure 3A ) -vs. those described above that are 2μ-based plasmid constructs. The intron-less construct carrying PTC6 served as a splicing-independent NMD reporter, while PTC140-Civs served as a splicing-dependent NMD reporter. A pre-mRNA band is apparent with the latter, indicating that the intron is not always spliced in this position, as expected from the results with corresponding 2μ reporters, yet a band corresponding to the spliced transcript is clearly apparent, and its level is drastically reduced compared to the PTC-less counterparts in the wild-type ( Figure 3B ) but not in the three upf mutants, consistent with NMD suppression ( Figure 3C-3E ).
Intron deletion inhibits NMD of endogenous intron-containing genes
To examine the effect of splicing on NMD further, we generated additional reporters derived from two endogenous intron-containing genes, CYH2 (RPL28) and RPL11B (Figure 4) .
A PTC was introduced either 54 nt downstream (CYH2) or 30 nt upstream of the intron (RPL11B), and the corresponding intron-less constructs were generated via cDNA cloning ( Figure 4A ). To distinguish the reporters from the endogenous transcripts, as well as to inhibit splicing-independent NMD at these otherwise early PTCs, a 300 bp fragment was inserted in-frame at the start of the coding region of each gene. We found that the PTC induced apparent NMD in both genes. The levels of both PTC+ spliced mRNAs were reduced to ~25% relative to the corresponding PTC-less controls, when assayed either by quantitative RT-PCR ( Figure 4B and 4C ), or Northern blotting ( Figure 4D , lanes 1-2 and 5-6).
However, no evidence of NMD was detected in the corresponding cDNA-derived reporters lacking the intron (constructs labeled with the Divs suffix) neither by RT-PCR ( Figure 4B and 4C) nor by Northern blotting (Figure 4D, lanes 3-4 and 7-8 ). It appears that these late PTC induce NMD only in the presence of an intron, similar to what we reported above for the GFP reporters, irrespective of whether the PTC is located downstream (as in CYH2) or upstream (as in RPL11B) of the intron. All PTC+ mRNA levels are increased, either comparable to the corresponding PTC-less controls in UPF2∆, or as discussed above for previous reporters, even at higher levels ( Figure 4B and 4C bottom panels, and Figure 4E ), consistent with NMD suppression.
An intron must be relatively close to a PTC for splicing to enhance NMD
We examined whether the effect an intron has on NMD depends on its distance from a PTC.
Two additional constructs were tested in which a spacer of either 147 bp or 291 bp was inserted at codon position 120, to lengthen the distance between the intron and the PTC ( Figure 5A ). We found by both RT-PCR quantification ( Figure 5B ) and Northern blotting ( Figure 5C ) that the presence of either spacer suppresses the ability of the intron to enhance NMD. Whilst the mRNA level of the original reporter (PTC140-Aivs) was strongly affected by NMD, that of both spacer-containing constructs is unaffected by the PTC and their levels do not increase in UPF2∆, unlike that of PTC140ivsA ( Figure 5B and 5C, bottom panels) .
Consistent with the absence of NMD, the GFPivsA-147 and PTC140ivsA-147 mRNAs have similar stabilities in wild-type, unlike PTC140-Aivs, which is apparently unstable compared to the PTC-less control ( Figure 5D ); the four transcripts have similar decay profiles in UPF2∆ strain ( Figure 5E ). Cumulatively, the data indicate that an intron must be relatively close to a PTC for splicing to enhance NMD. The distance between the intron and the PTC is 90 nt in the NMD-sensitive construct, compared to 243 nt and 387 nt in the two NMD-insensitive constructs described just above. Although the mRNA levels of the spacer-containing reporters are lower than those without a spacer, this, as well as the lack of effect of the intron on NMD, is unlikely to be due to either spacer reducing splicing efficiency. The pre-mRNA levels are similar among all constructs ( Figure 5C ). The longer pre-mRNAs could potentially be more affected by NMD as either spacer lengthens the distance between the intron-encoded PTC and the normal 3'UTR, however, their levels are also similar to those of the constructs without a spacer in UPF2∆, consistent with all three pre-mRNAs being equally affected by NMD ( Figure 5E ). Our observations are consistent with the previous report that a spacer that lengthens the downstream exon by 250 bp does not change splicing efficiency in S. cerevisiae (Tardiff et al., 2006) . Moreover, regardless of whether the inserts could affect splicing, or more likely other processes, and results in less mRNA, the conclusion that lengthening the distance of the intron from the PTC suppresses NMD, also in this instance is solely drawn from pair-wise comparisons of mRNA levels of PTC+ vs PTC-less version of otherwise identical reporters. Additionally, the translation yields of both GFPivsA-147 and ivsA-291 are similar, or moderately lower than the initial spacer-less GFP-Aivs reporter when assessed by Western blotting, in both wild-type and UPF2∆ ( Supplementary Fig 2) , suggesting that the suppression effect that either spacer has on NMD is not a consequence of decreased translation efficiency of the transcripts
An intron effect on translation yield does not correlate to its effect on NMD
To examine further whether the NMD-enhancing effect of splicing might be an indirect consequence of a change in translation efficiency of spliced mRNAs, we generated reporters in which the firefly luciferase coding sequence was fused to that of GFP, which was either intron-less or carrying Aivs or Civs ( Figure 6A ). These were transformed into the wild-type, NMD mutants. To estimate translation yield, luciferase activity and mRNA levels were quantified in parallel ( Figure 6B and 6C) . The spliced A-ivs mRNA appears to be translated more efficiently than the intron-less reporter in wild-type and some of the mutant strains, yet translation of the C-ivs mRNA was only slightly increased ( Figure 6B ), despite the two introns enhancing NMD to similar extents. Therefore, spliced mRNAs might be translated more efficiently, as reported previously in yeast and other organisms (Shaul, 2017) ; however, our data indicate that this effect does not correlate with either the extent of NMD, or its suppression in the NMD mutant strains.
Discussion
Contrasting expectations that NMD is independent of splicing in S. cerevisiae, this investigation reveals that inserting an intron nearby a PTC also strongly enhances NMD in this organism. We examined constructs containing different introns, either upstream or downstream of a PTC and found that an intron could enhance NMD regardless of whether it was located before or after the PTC. The data also indicate that an intron must be relatively close to a PTC to enhance NMD. Apart from the proximity to the PTC, another determinant could be intron length. Of the three introns examined, the most effective at enhancing NMD were the long ACT1 and CYH2 introns, whereas the short UBC4 intron had only a moderate enhancing effect on NMD even though it was the most efficiently spliced of the three. This effect of splicing on NMD has possibly not been previously recognized in S. cerevisiae because there are only 10 genes with more than one intron in this organism, all of which have two introns (Hossain et al., 2011) . Notably though, in SUS1, which carries two introns, the level of an alternatively spliced transcript, where the first intron is retained and the second spliced, was previously reported to be increased in UPF1∆, whilst this was not the case for the transcript in which both introns are retained (Hossain et al., 2011) . In view of the data we have presented, it is plausible that splicing of the second intron triggers NMD of the alternatively spliced SUS1 transcript, as the retention of its first intron introduces a PTC (see sequence in Saccharomyces Genome Database), which does not seem to induce apparent splicing-independent NMD as reported for unspliced transcript of highly expressed ribosomal protein genes which characteristically have a single intron at the beginning of the coding region (He et al., 1993; Sayani et al., 2008) .
We also find that both the ACT1 and CYH2 introns enhance translation yield, as previously reported in this and many other eukaryotes. It is therefore plausible that the effect on NMD is a consequence of increased ribosome scanning -introns enhance translation yield in many eukaryotes (Shaul, 2017) . However, we find no clear correlation between increased translation yield and the extent to which these introns enhance NMD. Moreover, higher translation efficiency correlates with reduced rather than higher NMD-sensitivity in S.
cerevisiae (Celik et al., 2017) . An EJC-like model, even if molecularly distinct, perhaps involving non-EJC splicing factors as previously reported in other organisms (Aznarez et al., 2018; Michlewski et al., 2008) , remains a possible explanation for these observations. However, an EJC-like model still cannot explain how an intron could enhance NMD when located upstream of the PTC. Many such complexes associated with the mRNA upstream of a PTC will have to be removed by the ribosome before reading the PTC, as the tight diameter of the ribosomal mRNA tunnel allows only unstructured RNA deprived of associated proteins to pass through (Qin et al., 2014; Yusupova et al., 2001) .
Finally, our observations suggest that lack of adjacent flanking introns might be a reason why in S. cerevisiae, unlike in mammalian cells for instance, only PTCs located early in the coding region typically induce strong NMD. This "polarity effect" has been described since the first report of NMD and well-documented in subsequent studies (Losson and Lacroute, 1979; Peltz et al., 1994) . The effect is also apparent in other organisms, for example in the Adh gene of Drosophila where only PTCs located early in the coding region cause strong NMD (Behm-Ansmant et al., 2007; Brogna, 1999) . This strong splicing-independent NMD associated with early PTCs might be mechanistically distinct from NMD triggered by intron proximity to late PTCs which otherwise do not reduce mRNA levels. Based on these and our earlier observations in S. pombe (Wen and Brogna, 2010) , it is feasible that a determining factor of splicing-independent NMD is the proximity of the PTC from the translation start codon.
Materials and Methods
Plasmids and strains
GFP-based NMD reporters were generated by cloning the coding sequence of the S65T GFP variant (GenBank: BD062761) into the BamHI sites of either the pRS416 or pRS304 vector, flanked by TDH3 promoter and terminator sequences (Kuperwasser et al., 2004) Supplementary Table 2 ). The RpL11B and the CYH2 genes were amplified from either yeast genomic DNA or cDNA while nonsense mutations were introduced by overlapping PCR and then cloned into pRS304-DmADH (see primer sequences in Supplementary Table 2 ). The main strains used in the NMD assessment are listed in Supplementary Table 1 .
Yeast transformation
Transformations were performed using the lithium acetate method as previously described, with minor modifications (Soni et al., 1993) . In brief, 100 μL of yeast cell pellet (about 10 8 cells per transformation) was resuspended and vigorously vortexed in 360 μL of freshly prepared transformation mix (33% PEG 3350, 100 μg ssDNA, 500 ng plasmid DNA in 0.1 M LiAc), incubated at 30°C for 20 minutes, and then heat shocked at 42°C in a water bath for 45 minutes. After heat shock, the yeast cells were pelleted by centrifugation, at 5000 rpm for 1 min, washed once with 1 mL of sterile water, resuspended in 1 mL of the same, after which 1/10 to 1/5 was spread on the selective Synthetic Drop-out Media plate (Formedium, UK).
The plates were typically incubated at 30°C for 2 days until colonies of the transformants reached up to 0.5 mm in diameter.
Northern blot assay
Total RNA was typically extracted from 10 mL cell cultures grown to 0.8-1 OD600, using the hot acid phenol method, as described (Ausubel et al., 1996) . RNA was separated on 1.2% agarose gels in the presence of formaldehyde. RNA was blotted overnight by capillary transfer onto a nylon membrane (Hybond-N, GE Healthcare) and hybridized with 32 P random priming-labelled probes, as described (Yang et al., 1993) . Probes were PCR amplified from plasmid clones (GFP and DmADH) or from genomic DNA (rpL32). Radioactive membranes were imaged using a phosphorimager (Molecular Image TM -FX, Bio-Rad), and the intensity of the bands was calculated using the Quantity One software (Bio-Rad).
RT-PCR RNA levels and stability quantification
First-strand cDNA was synthesized using a PrimeScript™ RT reagent kit (Takara, China) from total-RNA according to manufacturer instructions. RNA was first treated by 1 Unit DNase I (RNase free, TaKaRa, China) at 37.0 °C for 20 min. Real-time PCR was performed using a Bio-Rad CFX96 system (Bio-Rad, Hercules, CA, UA) according to the manufacturer guidance.
Reactions were performed in 25 μL containing SYBR Green I dye and 0.5 μL cDNA. 18S rRNA (1/100 dilution of RT product) was used as the internal reference for RNA level normalization. The following cycling parameters were applied, 95.0 °C for 2 min followed by 40 cycles at 95.0 °C for 10 s, 55.0 °C for 15 s, and 72.0 °C for 30 s. The 2 − △ CT method was used to calculate relative expression levels of the target transcripts and normalized to 18S rRNA, and all samples were analyzed in triplicate. The primers used are listed in supplementary Table 2 . To block transcription, strains were cultured to OD600 0.5-0.6 and treated with 150 μg/mL 1, 10 phenanthroline at time zero and then transferred in the tube half-filled with ice at different time points, prior RNA extraction using the hot phenol as described above.
Luciferase assay
Yeast culture densities were adjusted to 1 OD600. A 10 μL of each culture was then mixed with 15 μL of sterile purified water and loaded onto a 96-well microtiter plate, which contained 25 μL of Steady-Glo luciferase substrate solution (Promega) in each well.
Chemiluminescence was measured in triplicates of each culture using a microplate reader (Tecan). Relative GFP mRNA levels were quantified by real-time qRT-PCR with primers spanning the exon junction specific for the spliced transcript (GFP.Qs.rev and GFP.Q.for, Supplementary Table 2 ), from equal amounts of total-RNA. (A) Diagram of the GFP reporters: intron-less GFP (top), GFP containing either ACT1 or CYH2 intron (below), both fused with firefly luciferase at the carboxyl terminal. (B). The three plasmid constructs were transformed into either wild type (BY4742), UPF1Δ, UPF2Δ, UPF3Δ, PRP17Δ, CWC21Δ or LSM6Δ. Relative levels of GFP mRNA were quantified by qRT-PCR using primers that span the exon junction making them specific for the spliced transcript, from equal amounts of total-RNA (detailed in Supplementary Figure 1) . Quantifications are based on three separate experiments. (C) Luciferase activities measured in aliquots of the same cultures used for the mRNA quantification in B. Luciferase relative light units were normalized to mRNA levels and are shown as means of three measurements with standard deviations.
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